The present review highlights recent approaches to the synthesis of highly permeable polymers by metathesis and addition polymerization of silicon-containing norbornenes. The main focus is on the authors' own works that utilize Me 3 Sisubstituted exo-tricyclononenes as highly reactive norbornenetype monomers for polymerization. The basic relationships between polymer structures and their gas permeability characteristics are considered. The possibility of tuning the gas transport properties of polymers (permeability and selectivity) by modification of their structures is shown.
Introduction
At present a great number of selectively permeable glassy polymers are known. Only over the last 15 years, several new classes of glassy highly permeable polymers for membrane gas separation have been synthesized. The most popular ones are the polymers of intrinsic microporosity (PIM) [1] [2] [3] , the thermally rearranged (TR) polymers [3] [4] , poly(diarylacetylenes) [5] [6] , and the silyl-containing polynorbornenes [7] [8] [9] (Fig. 1) . The high gas permeabilities of these polymers stem from their microporous structures [1, 3, 10] and the presence of large free volumes [3, 7, 11] . At the same time, the porous structures of these polymers predetermine their propensity for aging, so their properties should be stabilized. Nowadays the search for new materials for membrane technologies is actively continuing. There are several factors that govern these studies. The first one is wide distribution of membrane technologies on the market. The second factor is the need for overcoming the disadvantages of the existing polymers that do not possess all the required operational characteristics of membrane materials, for example, the high and selective permeability that does not change during a long-term operation. Yet another reason is the desire to use cheap and available polymers which can be obtained by environmentally friendly synthetic methods.
The targeted synthesis of polymers with certain properties requires knowledge of the correlations between polymer structure and properties. Norbornene and its derivatives appeared to be unique monomers for investigation of these relationships. A wide range of different norbornenes containing up to four substituents in a norbornene moiety can be readily obtained by cycloaddition (Scheme 1) and then can be efficiently polymerized according to one of the possible mechanisms (Scheme 2). Moreover, the high strain energy of a norbornene moiety ensures the polymerizability of this type of monomers. There are three general approaches to the synthesis of norbornenes. The most common method is the [4π+2π]-cycloaddition (the Diels-Alder reaction) of cyclopentadiene to alkenes or alkynes [12] [13] [14] . It gives a mixture of endo-and exoisomers. This mixture is usually enriched with the endo-isomer [13, 15] , although for some fluorine-containing olefins the cycloadducts are enriched with the exo-isomer [16] . The reactivities of the exo-and endo-isomers in polymerization are quite different, and the exo-isomer, as a rule, is more active than the endo-one [17] [18] [19] (although there are some reverse examples, when the endo-isomer is more reactive than the exocounterpart [18, 20] ). Another method for the synthesis of norbornenes is the [2σ+2σ+2π]-cycloaddition of quadricyclane to alkenes/alkynes [21] [22] [23] [24] [25] [26] [27] [28] [29] . It gives only the exo-isomers of norbornenes with fused cyclobutane rings (exo-tricyclo[4.2.1.0 2, 5 ]nonene-7).Therefore, it allows solving the problem of the low reactive endo-isomer. There are two limitations of this approach: the necessity of presence of at least one electron-withdrawing substituent in an olefin [21, [29] [30] [31] and the low availability of quadricyclane [32] [33] . The third approach to the preparation of norbornenes is the use of different methods for modification of norbornadiene-2,5 (i.e., hydrosilylation [34] [35] , [2π+2π]-catalytic cycloaddition [36] [37] [38] [39] , metallation followed by treatment with an appropriate substrate [40] , arylation [41] , etc.). This approach can provide the high selectivity and affords predominantly the exo-or endoisomer depending on the nature of the catalyst in use. The main difficulties associated with this approach are the need for search for an appropriate catalyst and, as a rule, the high catalyst loadings.
The resulting norbornene monomers can be introduced into polymerization by the addition (Scheme 2 (a)) [42] [43] [44] [45] [46] , metathesis (Scheme 2 (b)) [47] [48] [49] [50] or cationic/radical/anionic mechanisms (Scheme 2 (c)) [51] [52] [53] [54] [55] . These polymers have different backbones which stipulate different physicochemical properties. The polymerization route is dictated by the choice of a catalyst.
A combination of the versatile routes of norbornene synthesis with different ways of their polymerization makes the macromolecular design of norbornene polymers with the desired properties very promising. From the end of the last century until now, a large variety of polynorbornenes bearing alkyl [56-57], silyl [8, [58] [59] , germyl [60] [61] [62] , fluoro [63] [64] [65] , chloro [64] or imido [66] [67] [68] groups were tested for the gas transport properties. The results obtained were used for the design and directed synthesis of highly gas permeable polymer materials from norbornenes. Thus, a new class of highly gas permeable polymers, namely, trimethylsilyl-substituted addition polynorbornenes was developed [7, [69] [70] . These polymers belong to the group of the most permeable materials and exhibit solubility-controlled permeation of hydrocarbons. The polymers obtained are of particular interest as membrane materials for separation of the components of natural and associated petroleum gases. The data presented in this review show the possibility of tuning the gas permeability and selectivity of gas separation of silicon-containing polynorbornenes by modification of their structures. Both metathesis and addition polymerization of norbornenes with silicon-containing groups are considered. In addition, a brief description of the synthetic approaches for the starting monomers is also provided.
There are two main goals in the synthesis of siliconcontaining polynorbornenes. The first one is the production of highly gas permeable polynorbornenes. This problem can be solved by the introduction of bulky Me 3 Si-groups into monomer units and/or by an increase of rigidity of polymer main chains. The second goal is the synthesis of polynorbornenes with the improved gas separation selectivities. This is partially achieved by the incorporation of flexible Si-O-Si or Si-O-C moieties in side substituents. Both of these approaches are discussed below.
Approaches to the production of highly gas permeable silicon-containing polynorbornenes
Over the last two decades, two general approaches have been developed that allow one to increase the gas permeability of polynorbornenes. The first one is based on the introduction of bulky and rigid silicon-containing substituents (i.e., Me 3 Sigroups) into the monomer units of polynorbornenes. As a rule, the gas permeability coefficients essentially grow with an increase in the number of these groups per a monomer unit [24, [69] [70] [71] [72] . Another way to improve the permeability characteristics of polynorbornenes is the synthesis of polymers with rigid main chains. In this respect, of particular interest are the addition polynorbornenes [8, 73] . They feature saturated nature that provides good thermal and chemical stability [74] [75] . Furthermore, they possess much more rigid polymer chains than metathesis isomers [76] [77] [78] [79] [80] . Finally, the most promising results were achieved upon combination of these two approaches in the design and synthesis of new polynorbornenes for membrane gas separation. The first examples of the effect of introduction of siliconcontaining groups on the gas permeability of polynorbornenes were described in references [81] [82] (Figs. 2, 3 ). The required norbornenes were obtained by the Diels-Alder reaction followed by the substitution of the Cl atoms for alkyl/aryl groups or by the deprotonation of 5-cyanonorbornene followed by treatment with an appropriate electrophilic agent (Scheme 3). The ringopening polymerization (ROMP) of the resulting monomers was usually carried out using Ru-or W-based catalysts (RuCl 3 ·3H 2 O/EtOH, WCl 6 /PhC 2 H, WCl 6 /1,1,3,3-tetramethyldisilacyclobutane, the Grubbs or Schrock catalysts of different generations) and afforded polymers with high molecular masses (M w = (1-10) ·10 5 ) in good or high yields (up to 99%) (Scheme 4). The resulting silicon-containing metathesis polynorbornenes were amorphous and glassy.
Effect of the nature of substituents at the
Introduction of the silicon-containing substituents into polynorbornenes led to a 2-8 fold increase in the gas permeability compared to the unsubstituted polynorbornenes (Figs. 2, 3 ) [81] [82] . Later it was demonstrated that this effect strongly depends on the nature of groups at the Si atoms in side substituents of the polymers (Figs. 2, 3 ) [44, 73] . The most pronounced effect on the gas permeability coefficients was achieved upon application of trimethylsilyl groups (Me 3 Si). The substitution of the methyl groups at the Si atoms for the more bulky alkyl or aryl ones led to a decrease in the polymer permeabilities [44, 73] . Substantially lower gas permeability coefficients observed for the polynorbornenes bearing phenyl substituents at the Si atoms in side groups are likely to be caused by π-π stacking of the aromatic rings that affords denser and less permeable packing of the polymer chains. So, there is no doubt that the preferred groups at the Si atoms for the targeted synthesis of highly permeable polynorbornenes are the methyl ones.
2.2.
Effect of the nature of central atoms in Me 3 Xside groups (X = C, Si, Ge) on the gas permeability of polynorbornenes For a long time, another problem concerning the effect of the nature of side substituents on the polymer gas permeability has been remained open. In particular, it was not clear whether the presence of the Si atoms as the central ones in side substituents is of crucial importance. Although the germaniumsubstituted polymers were known to be less permeable than the silicon-containing analogs [11, 83] , it was interesting to explore and compare the properties of the related polymers bearing the carbon atoms instead of the silicon or germanium ones in side groups. This challenge was quite difficult to address, since the required monomer with tert-butyl group could not be obtained by the approaches developed for Me 3 [70, 84] . Another advantage of tricyclononenes is their improved thermal stability [27] . While the norbornenes containing several electron-withdrawing substituents are prone to decomposition by the retro-Diels-Alder reaction, the analogous tricyclononenes exhibit good thermal stability despite the presence of strained cyclobutane rings [29] . Tricyclonones bearing Me 3 Si-and Me 3 Ge-groups were obtained using a twostep approach that included [2+2+2]-cycloaddition of quadricyclane and the corresponding alkenes (Scheme 5) [22] [23] . Their analog with Me 3 C-group was synthesized by an alternative route presented in Scheme 6 [23] . The use of the first generation Grubbs catalyst for metathesis polymerization of these monomers was found to be optimal in terms of the high catalytic activity, low catalyst loadings and availability (Scheme 7).
Investigation of the gas transport properties of the resulting polymers revealed that the most permeable polytricyclononene was that bearing Me 3 Si-groups (Fig. 4) [62] . At the same time, the polytricyclononene containing Me 3 C-side groups appeared to be the least permeable one. Therefore, it can be concluded that the introduction of Me 3 Si-groups into polymers is more preferential for the improvement of gas permeability than the incorporation of Me 3 C-or Me 3 Ge-substituents.
The "magic" effect of Me 3 Si-groups on the gas permeability can be presumably explained by an appropriate combination of its size and flexibility. These characteristics have opposite effects on the gas permeability. On the one hand, an increase in the substituent size must lead to an increase in the permeability. The sizes of Me 3 X-side groups (X = C, Si, Ge) increase on going from carbon to germanium (Fig. 5) ; therefore, the gas permeability must also increase on going from Me 3 C-to Me 3 Gesubstituted polytricyclononenes. On the other hand, unlike rubbery polymers, an increase in the flexibility of the main chains or side substituents of glassy polymers results in a decrease of the gas permeability due to the denser packing of polymer main chains. The flexibility of Me 3 X-substituents increases from X = C to X = Ge, which is confirmed by a decrease in the glass transition temperatures of polymers (Fig.  5 ). Hence, it seems that the silicon-containing groups feature an optimal combination of the size and flexibility of Me 3 Xsubstituents in a series C, Ge, Si. 
Effect of the number of Me 3 Si-groups in a monomer unit on the gas permeability of polynorbornenes
The introduction of the second Me 3 Si-group into monomer units of polynorbornenes led to a further considerable increase in the gas permeability (Figs. 6, 7).
The gas permeabilities of the polymers bearing two Me 3 Sisubstituents in one monomer unit were usually 2-4 times higher than those of the polymers with one Me 3 Si-group per a monomer unit [44, [49] [50] 85 ]. This effect strongly depended on the relative positions of two Me 3 Si-groups (Figs. 8, 9): the higher permeability was observed for the polymers with transvicinal arrangement of the bulky substituents, while the polymers with the geminal groups appeared to be less permeable [25, 44, 62, 85] . This can be explained by the more favorable architecture of free volume for gas transport through the polymer having Me 3 Si-groups in the vicinal positions. No correlation was observed between the glass transition temperatures and the gas permeabilities of these polymers. Note that the introduction of an additional double bond into a monomer unit of polynorbornene provides an alternative arrangement of the substituents (in the same plane as the substituted double bond), but it does not induce substantial changes in the gas permeability characteristics.
The polynorbornenes and polytricyclononenes bearing three Me 3 Si-groups per one monomer unit were found to be more permeable than their counterparts with two Me 3 Si-substituents in the same unit (Figs. 6, 7) [59, 69, 71, 86] . An increase in the gas permeability composed 20-300% and depended on the binding patterns of Me 3 Si-substituents with the main chains. Linking of three Me 3 Si-groups with the norbornene moiety by the flexible Si-O-Si spacers was more preferential than the direct attachment via Si-C bonds: the polymers bearing three Me 3 Si-groups in (Me 3 SiO) 3 Si-substituents had significantly higher gas permeability coefficients than similar polymers with Me 3 Si-groups connected by the Si-C bonds. This phenomenon was explained by the higher diffusion coefficients of gases for the polymers bearing Me 3 Si-groups connected by the flexible Si-O-Si spacers. In turn, the higher diffusion coefficients of these polymers were attributed both to the presence of the flexible Si-O-Si moieties and to the larger free volumes.
Further increase in the number of Me 3 Si-groups up to six in one monomer unit of metathesis polytricyclononene resulted in Figure 6 . Effect of the number of Me3Si-groups in monomer units of polynorbornenes on the gas permeability. 1.5-2-fold increase in the permeability coefficients compared to the polymer counterparts containing only three Me 3 Si-groups in each unit (Fig. 7) [72, [87] [88] . This polymer can be considered as the most permeable one among the metathesis polynorbornenes. A growth in the gas permeability in this case seemed to be caused by the same reason. An increase in the diffusion coefficients was stipulated by the growth of free volume: the presence of six bulky Me 3 Si-groups in each monomer unit made polymer chains less flexible, leading to the more loose packing of polymer chains. In addition, the presence of the flexible Si-O-Si moieties also promoted gas transport through the polymer.
Usually an increase in the gas permeability leads to a decrease in the selectivity of gas separation. Therefore, there is an adverse tendency: the more permeable polymers exhibit the lower selectivities of gas separation. However, according to the Robeson diagram, the polymers containing six Me 3 Si-groups in one monomer unit are located approximately at the same distance from the upper boundary 2008 like the less permeable but more selective polymers bearing two Me 3 Si groups per a monomer unit (Fig. 10) . This indicates that, in this case, an increase in the permeability with increasing number of Me 3 Sigroups in each monomer unit is not accompanied by a significant decrease in the selectivity of gas separation.
Effect of the modifications on the gas permeability of metathesis polynorbornenes
Since the metathesis polynorbornenes contain double bonds in the main chains, they tend to chemical aging via oxidation or other transformations. Therefore, it is desirable to modify them in order to stabilize these polymers and their properties. Hydrogenation is one of the simplest and most convenient approaches to the modification of double bonds (Scheme 8). The hydrogenation of some metathesis polymers under mild conditions (using p-toluenesulfonyl hydrazide in boiling xylene) Si afforded the saturated analogs with almost the same molecular masses in high yields (>90%), remaining the silicon-containing side substituents intact. After hydrogenation, the glass transition temperatures and permeabilities of the polymers (Fig. 11) [59, 72] reduced due to an increase in the flexibility of the polymer chains, which can be explained by the appearance of the flexible -CH 2 -CH 2 -moieties instead of the more rigid -C(H)=C(H)-groups. A decrease in the gas permeability depended on the structure of monomer units and reached up to 50%.
Recently, the gas transport properties of the epoxidized [89-90] and gem-difluorocycloproponated [91] metathesis polynorbornenes have been studied. The modifications of the initial polymer were performed using MCPBA for epoxidation and CF 2 ClCOONa as a source of CF 2 carbene for difluorocycloproponation (Scheme 9). The epoxidation resulted in the modification of about 97% of double bonds, while the residual content of double bonds after gemdifluorocyclopropanation composed 24%. The epoxidized polymer (Scheme 9) exhibited the lower gas permeability coefficients (by a factor of 2-4.5) and the higher selectivities (by a factor of up to 2) than the parental polymer [90] . The difluorocyclopropanation of the metathesis Me 3 Si-substituted polynorbornene led to a copolymer which featured both enhanced permeability and selectivity [91] .
Effect of the cis/trans-ratio of double bonds on the gas permeability of metathesis polynorbornenes
The nature of the catalyst in use determines microstructures of the resulting metathesis polynorbornenes. Depending on the catalyst, the polymers can contain predominantly cis-or transdouble bonds (Fig. 12) . Usually the use of Ru catalytic systems leads to the metathesis polynorbornenes with the higher content of trans-double bonds, while W catalysts afford the polymers with the higher content of cis-double bonds. Therefore, it is possible to tune the ratio of cis/trans-double bonds in polynorbornenes. Of course it seemed interesting to study the effect of the cis/trans-ratio of double bonds of metathesis polynorbornenes on their gas transport properties. In the case of unsubstituted polynorbornenes, the gas permeability depended on the cis/trans-ratio of double bonds. At the same time, the influence of this factor on the gas permeability in the case of polynorbornenes bearing Me 3 Si-groups was found to be minor (Table 1) . Its contribution to the gas permeability was much less than the effect of the substituent introduction. A difference in the gas permeabilities of the polynorbornenes bearing one Me 3 Si-group per a monomer unit and having 28/72 and 75/25
cis/trans-ratios was less than 15%. The polynorbornenes with two Me 3 Si-groups per a monomer unit, obtained in the presence of different catalysts, had the same permeability characteristics (Table 1) . Based on these results, it can be concluded that an increase in the polymer gas permeability reduces the effect of the cis/trans-ratio on the gas permeability. The selectivities of gas separation, which represent the ratios of permeabilities towards two gases, were also close for the silicon-containing polynorbornenes differing in the values of the cis/trans-ratio (Table 1 ).
2.6. Effect of the structure of a polymer main chain on the gas permeability of polynorbornenes
The addition polymerization of norbornenes affords polymers that differ in the structures of main chains from the metathesis analogs [42] [43] . The addition polynorbornenes have saturated backbones; therefore, they usually exhibit good chemical and thermal stability. Moreover, the addition polynorbornenes, as a rule, are much more permeable than the corresponding metathesis isomers. However, there are some difficulties in the preparation of these polymers, since the addition polymerization is more sensitive to the presence of substituents in monomers. Furthermore, there are no welldefined highly active and tolerant catalysts for the addition polymerization, such as the catalysts developed by Schrock and Grubbs for metathesis. Several transition metal complexes ((η 6 -toluene)Ni(C 6 F 5 ) 2 [94] [95] [96] [99] [100] ) were shown to catalyze the addition polymerization of norbornene derivatives without the application of cocatalysts (the so-called single-component catalysts). However, usually two-or three-component systems (based on the Pd or Ni compounds (precatalysts), B or/and Al organic derivatives (cocatalysts), and sometimes including a phosphine (like triphenylphosphine or tricyclohexylphosphine)) are used as the catalysts in addition polymerization of norbornenes [42] [43] [101] [102] [103] .
The addition polymerization of 5-trimethylsilylnorbornene [104] [105] [106] demonstrated the possibility of synthesis of highly gas permeable polymers from norbornenes (Scheme 10).
Addition poly(5-trimethylsilylnorbornene) was obtained originally in the presence of Ni catalysts (mainly Nph 2 Ni/MAO) [104] [105] [106] . The yields and molecular masses (50-70%, M w < 4·10 5 ) of the resulting polymers were noticeably lower than in the case of the metathesis polymerization. Later this polymer was prepared using the Pd systems [97, 107] . However this method appeared to be even less efficient than the syntheses with the nickel-based catalytic systems. The resulting polymer was amorphous and its glass transition point (>300 °C) was significantly higher than that of the metathesis isomer (107 °C). Investigation of the gas transport properties of addition poly(5-trimethylsilylnorbornene) showed that it is a highly permeable polymer and can be attributed to the group of the most permeable glassy polymers (Fig. 13) [104] . This was the first example of the synthesis of a highly permeable polymer from a norbornene derivative. Addition poly(5-trimethylsilylnorbornene) is much more permeable than the metathesis analog (Fig. 13) . The observed difference in the gas permeabilities of the metathesis and addition isomers was explained by the presence of large free volume elements in the latter, which was confirmed by the results of positron annihilation spectroscopy [104] . The higher content of free volume in addition poly M. V. Bermeshev and E. Sh. Finkelshtein, INEOS OPEN, 2018, 1 (1) , 39-54 The prominent results on the gas permeability characteristics of addition poly(5-trimethylsilylnorbornene) encouraged the researchers to synthesize other addition polynorbornenes bearing two or more Me 3 Si-groups in a monomer unit. Unfortunately, the first attempts to introduce norbornenes or norbornadiene derivatives with two Me 3 Si-groups into the addition polymerization failed (Scheme 11) [25, 104, 108] . The norbornenes bearing two Me 3 Si-groups were inactive in the addition polymerization in the presence of different Ni catalysts, although they readily underwent copolymerization with norbornene giving the low-molecular copolymers (M w < 7·10 4 ) in 8-50% yields. The lack of activity of these monomers in polymerization was attributed to the presence of one Me 3 Sigroup at the endo-position, which prevented subsequent insertion of two molecules into the Ni-C bond of a growing polymer chain. Under conditions of addition polymerization, a norbornadiene with two Me 3 Si-groups surprisingly afforded a cyclodimer instead of a polymer [108] . Two approaches were used to solve the problem of inactivity of the norbornenes containing two Me 3 Si-groups in addition polymerization. The first one was based on the application of tricyclononene derivatives, where two bulky Me 3 Si-groups were moved away from the double bond. Moreover, there was no endo-isomer in the monomer, since the cyclobutane ring fused with the norbornene moiety featured only exo-arrangement (Scheme 11). In contrast to analogous norbornenes, these monomers were highly reactive in addition polymerization in the presence of Ni and Pd catalysts. The resulting homopolymers featuring high molecular masses (M w < 8·10 5 ) were isolated in 40-99% yields and demonstrated good film-forming properties. The catalysts used for the addition polymerization of silicon-containing tricyclononenes were simple and it did not require the presence of a MAO cocatalyst. Typically they composed of a transition metal salt (palladium or nickel acetate or acetylacetonate) as a precatalyst and an organoboron compound (B(C 6 F 5 ) 3 The addition of a phosphine (e.g., tricyclohexylphosphine) to the Pd system afforded an increase in the molecular masses of the resulting polymers with silicon-containing side groups [7, 109] . The permeability coefficients of PTCNSi1 and related addition poly(5-trimethylsilylnorbornene) (PNBSi, Scheme 10) [114] [115] . The level of gas permeability of the addition polytricyclononenes strongly depends on the nature, number and relative arrangement of side substituents (Fig. 15) . The highest gas permeability coefficients were achieved for the addition polytricyclononene bearing two geminal Me 3 Si-groups per a monomer unit (PTCNSi2g) [7] . This polymer is more permeable than the related polymers with two vicinal Me 3 Sigroups (PTCNSi2v) [70] or than those bearing three Me 3 Sigroups (PTCNSiO3) [69] (Fig. 15) . This is contrary to the results obtained for the related metathesis polynorbornenes and polytricyclononenes: the metathesis polymers containing three Me 3 Si-groups per a monomer unit were more permeable than any polymer containing two Me 3 Si-groups (Figs. 6, 7 ) and the polymers with two vicinal Me 3 Si-groups were more permeable than the isomeric polymers bearing two vicinal Me 3 Si-groups (Figs. 8, 9 ). This difference between the addition and metathesis polymers is still unclear and requires further detailed investigations. Nevertheless, the gas permeabilities of all the addition polytricyclononenes are substantially higher than those of the corresponding metathesis isomers (Fig. 4) . PTCNSi2g and PTCNSi2v (Fig. 14) are the most permeable polymers among polynorbornenes and belong to the group of extra highly gas permeable glassy polymers. Treatment of films from the addition polytricyclononenes (e.g., PTCNSi2g, Fig. 15 ) with ethanol resulted in an additional increase in the permeability coefficients, which was explained by swelling of the polymers in alcohols which are able to increase free volume [7] .
M. V. Bermeshev and E. Sh. Finkelshtein, INEOS OPEN, 2018, 1 (1) , 39-54 The introduction of three Me 3 Si-groups directly attached to the norbornene moiety (i.e., 3,3,4-tris(trimethylsilyl)tricyclononene-7 (TCNSi3)) substantially reduced the monomer reactivity in polymerization compared to similar monomers containing only one or two Me 3 Si-groups [9, 71] . Therefore, the effect of introduction of the third Me 3 Sigroup by the direct Si-C bond on the gas permeability was evaluated by investigation of the properties of copolymers. The copolymers of different compositions were prepared from TCNSi1 (as a highly reactive monomer) and TCNSi3 (Scheme 12). The introduction of more bulky TCNSi3 units led to an increase in the gas permeability (for example, oxygen permeability of the copolymer containing 20 mol % of TCNSi3 units was 1400 Barrer (additional 36% compared to PTCNSi1)) [9] .
The high gas permeabilities of the addition polytricyclononenes are caused by a combination of the rigid main chains and the presence of bulky side groups. These structural features lead to loose polymer packing and formation of large free volume [9, 70, [74] [75] and microporosity [7, [9] [10] in polymers. PALS analysis showed that these polymers possess large free volume elements (R 3 = 3-4 Å, R 4 = 5-8 Å) [7, [69] [70] . They had large BET surface areas (Fig. 16) [7, 10 ], which were comparable with those obtained for the polymers such as PIM-1 [116] or PTMSP [117] . The mean size of pores of PTCNSi2g was about 7 Å (Fig. 17) [7] .
The gas permeabilities of the addition polynorbornenes are significantly affected by the nature of the catalyst in use. Different catalytic systems are likely to afford polymers with different microstructures (tacticities) (Fig. 18) [56, 118] .
PTCNSi1 prepared using a palladium-based catalytic system [70] exhibited higher gas permeability than PTCNSi1 synthesized using a nickel-based catalyst (Fig. 19) [44] . Presumably, PTCNSi1 synthesized with a Pd catalyst has more regular microstructure that provides the larger free volume and the higher gas permeability.
The second approach to solving the problem of inactivity of norbornenes bearing several Me 3 Si-groups in addition polymerization was based on the removal of the bulky Me 3 Sigroups from the polymerizable norbornene double bond using M. V. Bermeshev and E. Sh. Finkelshtein, INEOS OPEN, 2018, 1 (1) , 39-54 Si-O-Si linkers. For these purpose, several norbornenes bearing siloxane moieties were synthesised and their behaviour under conditions of addition polymerization was studied (Scheme 13) [109, 119] . The homopolymer from NBSi3 was poorly solubile in common organic solvents possibly due to either extremely high molecular mass or cross-linking. The copolymerization of NBSi3, NBSi2, or NBSiPh1 with norbornene solved the problem of low solubility. It gave rise to copolymers with molecular masses (M w ) up to 1.3·10 6 and narrow PDI. An increase in the content of the siloxy-substituted comonomer in the reaction mixture afforded copolymers with the lower molecular masses which can be attributed to the lower reactivity of siloxynorbornenes in addition polymerization compared to the unsubstituted norbornenes. The resulting homo-and copolymers were tested for oxygen permeability (Fig. 20) . The homopolymers appeared to be more permeable than the copolymers, and the permeability of the copolymers increased with an increase of the siloxynorbornene content in the copolymers [119] . Although, the introduction of two Me 3 Sigroups into the norbornene moiety via Si-O-Si linkers allowed obtaining the addition homopolymer, the latter appeared to be less permeable than the addition polynorbornene with one Me 3 Si-group per a monomer unit (Fig. 20) . This is apparently caused by the appearance of flexible side chains that promote self-plasticization of the polymer and denser packing of the polymer chains. The polymer bearing phenyl rings at the Si atoms in side groups was less permeable. This is in agreement with the results discussed above for the metathesis polynorbornenes.
The most important property of the addition polynorbornenes and polytricyclononenes bearing Si-or Gecontaining side groups is the solubility-controlled permeation of hydrocarbons (an increase in the size of alkane molecules results in a growth of the permeability coefficients, Table 2 ). This property is unusual for glassy polymers. For conventional glassy polymers, an increase in the size of alkane molecules leads to a decrease in the permeability coefficients (size sieving effect). Appearance of the solubility-controlled permeation of hydrocarbons for the addition polynorbornenes considered in this review can be explained by microporous structures of these polymers [9-10, 70, 120] and their affinity to hydrocarbons [7, [121] [122] , which lead to relatively low energy barriers for diffusion. The solubility-controlled permeation of hydrocarbons makes these membrane materials very promising for the separation of components of natural and associated petroleum gases [8, 111] .
3. Approaches to the production of siliconcontaining polynorbornenes with the improved selectivity of gas separation
The above-mentioned examples showed that changes in the rigidity of main chains as well as the nature, number and relative position of side substituents in monomer units strongly affect the level of gas permeability of polymers. This afforded the synthesis of a new group of highly permeable glassy polymers from norbornenes. At the same time, the selectivity of gas separation was practically not controlled. Therefore, the development of tools for targeted effect on the selectivity is of high importance. One of the main challenges of modern membrane science is the synthesis of polymers that are able to remove heavy hydrocarbons from natural and associated petroleum gases. These polymers must exhibit the so-called solubility-controlled permeation of light hydrocarbons, i.e., the permeability coefficients of alkanes must increase from methane to n-butane. This feature is usually observed only for rubbers or microporous highly gas permeable glassy polymers (e.g., poly(trimethylsilylpropyne)
[ [69, 72] . The permeabilities of these polymers appeared to be substantially higher than those for all the known metathesis polynorbornenes, and the permeability coefficients of light hydrocarbons increased for the penetrants of larger sizes (i.e., from methane to n-butane). It should be noted that in spite of the presence of the flexible Si-O-Si moieties in side substituents [126] , these polynorbornenes are glassy polymers (T g = 108-236 °C). The separation factors α(C 4 /C 1 ) of the metathesis polynorbornenes with the Si-O-Si-containing side substituents ranged within 5-11, while those for the other metathesis polynorbornenes are typically less than 1.1. Thus, the metathesis polynorbornenes containing the Si-O-Si bonds form a novel group of polymers with so-called reverse or solubilitycontrolled permeation of hydrocarbons. It should be emphasized that the metathesis polynorbornenes have never shown this type of permeation before. Hence, glassy polymers can be endowed with the solubility-controlled permeation to light hydrocarbons by the incorporation of substituents containing the flexible Si-O-Si bonds. A few years ago it was shown that similar effect can be achieved by the introduction of the Si-O-C-containing groups as side substituents in the metathesis polynorbornenes (Fig. 23 ) [58, 107, 127] . The selectivity of butane/methane separation (α(C 4 /C 1 )) was up to 21.5. The presence of side substituents with the flexible Si-O-C or Si-O-Si bonds improved the selectivity of separation of hydrocarbons or CO 2 /N 2 mixtures not only for the metathesis polynorbornenes but also for the addition polymers [58, 69, 97, 107, [127] [128] . This approach can be considered as a new tool for the macromolecular design of high performance membrane materials for gas separation.
The gas permeability of the above-mentioned addition silicon-containing polynorbornenes appeared to be very high. This afforded an opportunity to improve their gas separation selectivity by partial deterioration of the permeability. Therefore, an alternative approach to affecting the polymer properties, in particular, increasing the selectivity of gas separation was the preparation of composites of these polymers with different fillers. PTCNSi1 was used as a polymer matrix owing to its availability, high permeability, and good filmforming properties [120, [129] [130] . Calixarenes (CA) and cyclodextrins (CD), bearing different substituents at the lower and upper rims (Fig. 24) , were chosen as filling agents [120, [129] [130] owing to their organic nature which allows for modification of the physical properties (e.g., miscibility with the polymer matrix) and the presence of inner cavities. The latter can be considered as the elements of free volume. Furthermore, since CA and CD are supramolecules, one can expect their complexation with gas molecules.
The composites prepared from PTCNSi1 and CA or CD exhibited enhanced selectivities compared to neat PTCNSi1, while their permeabilities were lower [120, 129] . An increase in the selectivity was caused by an unequal change of permeabilities to different gases. In turn, a decrease in the permeability coefficients depended on the sizes of gas molecules as well as on the nature of the filler. A stronger decrease of the gas permeability was observed for the larger gas molecules (e.g., N 2 , CH 4 ), while lower effect was detected for the smaller ones (e.g., He, H 2 , Fig. 25 ). This led to a noticeable growth of the permselectivity (approximately by a factor of two) for gas pairs with different molecule sizes (He/N 2 , H 2 /CH 4 ), whereas the permselectivity towards gas pairs with close molecule sizes increased only by 20-50%. Furthermore, the obtained composites exhibited solubility-controlled permeation of hydrocarbons: the values of P(C 4 H 10 ) were higher than P(CH 4 ) and separation factors P(C 4 H 10 )/P(CH 4 ) were almost the same or only slightly higher than that for PTCNSi1. The nature of the filler (the size of CA and CD rings as well as the nature of substituents) dramatically affected the gas permeability. A decrease in the permeability was less pronounced for the fillers containing bulky groups (e.g., Me 3 Si-or Me 3 C-groups) and/or having large ring sizes. Hence, the addition of these fillers to a polymer matrix can be used to tune the permeability and selectivity of gas separation. 
Conclusions and future outlook
The successful synthesis of a large number of metathesis and addition polynorbornenes bearing various side substituents encouraged detailed and systematic investigations of the relationships between their structures and gas transport properties. This substantially promoted the design of high performance polymers based on norbornene derivatives for membrane gas separation. The powerful synthetic tools for the target-oriented macromolecular design of highly permeable or selective polynorbornenes were developed. It was found that the polymer properties can be fine-tuned by the introduction of side substituents into polynorbornenes or by the modification of structures of polymer main chains. As a result, two groups of polynorbornenes were elaborated that exhibit outstanding membrane properties. The first group is represented by the addition polynorbornenes bearing side bulky Me 3 Si-or Me 3 Gesubstituents. These polynorbornenes are microporous polymers with large free volume. They belong to a class of the most permeable polymers that show extremely high gas permeability coefficients. The second group of polynorbornenes is comprised by the metathesis polynorbornenes containing the flexible Si-OSi or Si-O-C bonds in side chains. Although these polynorbornenes are not microporous or highly permeable polymers with large free volume, they unexpectedly demonstrated solubility-controlled permeation/separation of hydrocarbons. By their mechanical and thermal properties (T g up to 240 °C), these polynorbornenes refer to glassy polymers, but their characteristics as membrane materials are similar to those of rubbers (for example, siloxanes): the permeability coefficients of hydrocarbons increase for penetrants of larger sizes. Both groups of the developed polynorbornenes are able to remove heavy hydrocarbons from natural and associated petroleum gases. Recently several new polymers from norbornene derivatives were developed as promising membrane materials [131] [132] [133] [134] [135] [136] [137] and unexpected relationships between structures of the polymers and their membrane properties were found. For example, some polynorbornenes with the flexible silicon-containing side groups displayed enhanced nbutane/methane selectivity (up to 50) and the metathesis polynorbornenes were revealed for the first time that are more permeable than their addition isomers [133] .
Despite considerable progress in the design of polynorbornenes for membrane gas separation, there still remain some unresolved problems which can be tentatively divided into the following groups:
-search for new approaches to the direct effect on selectivity of gas separation;
-improvement of the stability of polynorbornenes towards mixtures of separated gases and the durability of polymer properties over time;
-simplification and technologization of the methods for synthesis of norbornene derivatives and polymers based on them;
-search for new structural fragments (type of substituents) that can ensure salient gas separation characteristics;
-modification of already known polymer membrane materials; -creation of highly effective and tolerant catalysts for the addition polymerization of norbornenes, similar to the Schrock and Grubbs catalysts for metathesis.
We believe that addressing these issues will promote the synthesis of new types of polymers for different fields of application and will make polynorbornenes even more attractive and promising for industrial use. 
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